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CARBURIZED  HIGH  TEMPERATURE  STEELS 
Final  Report  -  December  28,  1981 
D.  E.  Diesburg 


ABSTRACT 

A  detailed  fracture  toughness  evaluation  before  and  after 
a  1000-hour  treatment  at  315  C  (600  F)  of  candidate  steels  for 
use  at  elevated  temperatures  in  the  carburized  condition  showed 
that  CBS1000  offered  the  best  combination  of  toughness  and  re¬ 
tention  of  hardness  at  elevated  temperature.  The  toughness  of 
X2(M)  and  X-53  decreased  by  about  50%  during  the  1000-hour  treat¬ 
ment  while  that  of  CBS1000  changed  very  little.  A  separate  study 
comparing  six  experimental  steels  concluded  that  a  composition 
similar  to  that  of  CBS1000  had  the  highest  impact  fracture  strength, 
even  higher  than  that  of  SAE  9310. 
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INTRODUCTION 

The  National  Research  Council,  Materials  Advisory  Board,  has  prepared 
Report  NMAB-351  describing  the  shortcomings  of  several  candidate  steels  for 
use  as  carburized  gears  for  high  temperature  service  particularly  aimed  for 
helicopter  power  transfer  systems.  One  concern  is  the  fracture  resistance 
of  steels  exhibiting  good  hardness  at  elevated  temperature.  A  preliminary 
investigation  conducted  by  Climax  Molybdenum-^  using  a  simple  impact  test  of 
a  gear  tooth  specimen  indicated  that  X2 (M) ,  X-53  and  CBS1000,  steels  designed 
to  maintain  hardness  at  315  C  (600  F) ,  all  exhibited  no  loss  in  fracture  re¬ 
sistance  resulting  from  1000-hour  exposure  at  this  temperature.  Unfortunately, 
the  initial  case  hardness  of  these  steels  was  only  HRC  51  to  55,  lower  than 
the  desired  minimum  of  HRC  58.  A  subsequent  modification  in  heat  treatment 
for  all  three  steels  was  necessary  to  produce  the  desired  hardness,  but  the 
fracture  resistance  of  the  steels  with  this  case  hardness  has  not  been  deter¬ 
mined. 

The  goal  of  the  present  investigation  was  to  determine  me tal lurgically 
(1)  where  the  steels  mentioned,  along  with  other  helicopter  gear  steels  used 
for  lower  temperature  service,  obtain  their  fracture  resistance,  and  (2)  how 
the  level  of  fracture  resistance  changes  when  the  alloys  are  exposed  to  service 
temperatures.  The  program  determined  the  residual  stress  distribution  and 
fracture  toughness  gradients  in  the  carburized  cases  of  SAE  9310,  X2(M),  X-53, 
CBS1000,  and  CBS600  before  and  after  1000-hour  exposure  to  315  C  (600  F) . 

After  analyzing  these  results,  alloy  modifications  designed  to  overcome  any 
shortcomings  of  existing  steels  were  prepared  and  tested.  The  fracture  be¬ 
havior  of  the  experimental  steels  was  compared  to  that  of  SAE  9310. 


EXPERIMENTAL  PROCEDURES 
Candidate  Commercial  Steels 

All  the  alloy  steels  evaluated  in  the  initial  portion  of  this  program 
were  obtained  commercially  either  from  steel  producers  or  from  gear  manufac¬ 
turers.  Each  steel  was  specified  to  be  of  highest  quality,  similar  in  quality 
to  steels  specified  for  helicopter  gearing.  All  the  steels  were  chemicallv 
analyzed  to  verify  the  analyses  supplied  with  the  steels. 

The  steels  were  supplied  as  bar  stock  of  various  diameters.  The  stock 
was  heated  to  1200  C  (2200  F)  and  forged  to  15  mm  (0.6  in.)  square  bars. 
Thirty  specimens  for  fracture  toughness  testing,  10  by  10  by  50  mm  (0.4  by 
0.4  by  2  in.),  were  machined  from  each  steel  along  with  carbon  gradient  bars. 
The  carbon  gradient  bars  were  carburized  along  with  test  specimens  in  a  Leeds 
and  Northrup  microcarb  controlled  atmosphere  pit  furnace.  The  carbon  profiles 
present  in  the  carburized  cases  were  determined  f rcm  carbon  gradient  bars. 
Carburized  bars  were  softened  by  tempering  at  540  C  (1000  F)  for  at  least  one 
hour,  and  chips  were  machined  in  incremental  layers  for  carbon  analysis  by  a 
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combustion  method.  The  first  five  layers  were  removed  in  0.13  mm  (0.005  in.) 
increments  while  the  latter  five  were  removed  in  0.25  mm  (0.010  in.)  increments. 

After  carburizing,  the  unnotched  fracture  toughness  specimens  were  hardened 
and  tempered  using  recommended  heat  treat  procedures  outlined  in  Appendix  A. 

After  hardening,  half  of  the  specimens  were  given  a  1000-hour  exposure  to  315  C 
(600  F). 

Hardened  and  heat  treated  specimens  were  notched  to  various  depths  using  an 
electrodischarge  machine  (EDM).  The  location  of  the  notches  was  the  same  as  that 
used  for  normal  Charpy  V-notch  specimens  (see  ASTM  E23  Standard  Testing  Procedure). 
The  EDM  notches  ranging  in  depth  from  0.05  to  1.0  mm  (0.002  to  0.040  in.)  were 
sharpened  by  fatigue  precracking.  The  fatigue  precracking  was  accomplished  by 
cycling  between  a  constant  maximum  and  minimum  load,  where  Pmax  =  10  Pmin-  The 
best  control  of  the  precracking  procedure  was  obtained  with  Pmax  =  360  kg  (800  lb) , 
although  it  was  necessary  to  increase  Pfliax  725  kg  (1600  lb)  for  the  specimens 

having  the  shortest  EDM  notches.  The  number  of  cycles  required  for  successful 
precracking  ranged  from  30,000  cycles  for  the  specimens  with  the  long  EDM  notches 
to  250,000  cycles  for  the  specimens  with  the  short  EDM  notches. 


Once  precracked,  the  specimens  were  broken  in  three-point  bending  as 
specified  in  ASTM  E399.  The  load  and  displacement  across  the  notch  opening 
for  each  test  were  recorded.  The  fracture  toughness  was  calculated  using  the 
equation  for  bend  specimens  in  ASTM  E399. 

Representative  specimens  from  each  steel  in  both  heat  treated  conditions 
were  used  for  me tallographic  and  x-ray  diffraction  examinations.  The  micro¬ 
structures  were  examined  both  optically  and  with  an  AMR  1000  scanning  electron 
microscope  (SEM)  equipped  with  an  energy  dispersive  analyzer  for  x-rays  (EDAX) . 

The  EDAX  equipment  was  used  to  qualitatively  compare  the  composition  of  carbides 
and/or  other  precipitates  before  and  after  the  1000-hour  exposure  to  315  C  (600  F) . 

Profiles  of  residual  stress  and  retained  austenite  content  in  the  cases  of 
the  commercial  candidate  steels  were  determined  by  x-ray  diffraction  techniques 
described  in  detail  elsewhere. ^  The  surfaces  of  the  bend  specimens  were  sequen¬ 
tially  elec t ropol ished  with  perchloric  ethanol  (78  cc  perchloric  acid,  100  cc 
butylcellosolve ,  120  cc  water  and  700  cc  ethanol)  at  a  40  V  applied  potential. 

A  Rigaku  x-ray  diffraction  system  equipped  with  a  CrKa  x-ray  source  was  used. 

The  multiple-exposure  method,  or  the  sin^l1  technique,  was  employed  —  four 
exposures  for  martensite  stress  determination  and  five  for  austenite  in  each  of 
the  positive  and  the  negative  ranges  of  ^-angles.  Therefore,  the  total  number  of 
exposures  was  nine  for  the  martensite  and  eleven  for  austenite.  The  y-angles  were 
chosen  so  that  sin^  values  would  vary  bv  0.1  for  the  austenite  220  peak  from  0  up 
to  0.5,  and  by  0.15  for  martensite  211  peak  to  0.6.  The  retained  austenite  content 
was  determined  from  the  ratio  of  austenite  220  and  martensite  211  peak  intensities. 
The  intensity  of  each  peak  was  the  average  value  of  intensities  at  various  ^-angles 
which  were  corrected  for  absorption  due  to  ij/-tilt. 
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The  hardness  of  the  carburized  cases  was  evaluated  both  with  HRA  and 
microhardness  (HV  0.5)  techniques.  The  HRA  was  determined  directly  on  the 
surface  and  converted  to  the  more  common  HRC  hardness  values.  Microhardness 
traverses  were  made  across  the  case  on  a  polished  surface  perpend icular  to  the 
carburized  specimen  surface.  Impressions  were  made  with  a  500  g  load  in  incre¬ 
ments  of  0.13  mm  (0.005  in.)  to  a  depth  of  0.76  mm  (0.030  in.)  below  the  surface 
and  continuing  in  increments  of  0.25  mm  (0.010  in.)  to  a  depth  of  2.29  mm 
(0.090  in.).  From  these  hardness  profiles,  the  distances  from  the  specimen 
surface  to  the  location  in  the  case  where  the  hardness  is  510  DPH  were  esti¬ 
mated.  This  hardness  value  is  equivalent  to  HRC  50,  and  the  distance  to  510  DPH 
is  referred  to  as  the  "effective  case  depth." 


Experimental  Steels 

After  evaluating  the  results  from  the  commercially  produced  steels,  six 
experimental  steels  were  prepared.  Both  fracture  strength  (not  fiacture  tough¬ 
ness)  and  the  hardness  after  tempering  at  315  C  (600  F)  of  all  six  experimental 
steels  were  evaluated  and  compared  to  that  of  SAE  9310.  The  experimental  steels 
were  prepared  as  three  30  kg  (66  lb)  induction  melted  heats,  each  heat  split  to 
produce  two  compositions.  The  heats  were  melted  under  an  inert  atmosphere  of 
argon  and  poured  into  89  mm  (3-1/2  in.)  diameter  ingots  203  mm  (8  in.)  in  length. 
A  chemical  analysis  was  obtained  for  each  steel.  The  SAE  9310  steel  used  in  this 
part  of  the  program  was  commercially  produced  as  51  mm  (2  in.)  bar. 

The  89  mm  (3-1/2  in.)  diameter  ingots  and  the  SAE  9310  steel  were  heated 
to  1200  C  (2200  F)  and  forged  to  32  mm  (1-1/4  in.)  diameter  bar.  Both  impact 
fracture  strength  specimens  and  carbon  gradient  bars  were  machined  from  the 
forged  bar.  The  dimensions  of  the  impact  fracture  strength  specimen  are  shown 
in  Figure  1.  The  carbon  gradient  bars  were  carburized  along  with  the  machined 
test  specimens  and  used  as  described  previously  for  determining  the  carbon  pro¬ 
file  of  the  carburized  cases.  The  carburizing  and  heat  treatment  cycles  given 
to  these  steels  are  given  in  Appendix  B.  After  carburizing,  half  of  the  experi¬ 
mental  steel  specimens  were  heated  to  315  C  (600  F)  for  1000  hours. 

Impact  fracture  strengths  of  carburized  specimens  before  and  after  the 
1000-hour  temper  at  315  C  (600  F)  were  determined  using  a  Riehle  impact  machine 
equipped  with  an  instrumented  Izod  striker.  Each  end  of  the  specimen  (Figure  1) 
was  tested  individually  bv  securing  the  specimen  in  the  anvil  of  the  impact 
machine  in  a  manner  similar  to  securing  Izod  test  specimens  as  described  in 
ASTM  E23.  The  instrumented  striker  measures  the  maximum  load  required  for 
fracture  which  is  used  to  calculate  a  bending  stress.  This  stress  is  defined 
as  the  impact  strength  of  the  carburized  case.  Such  a  test  is  particularly 
useful  because  it  evaluates  the  impact  behavior  of  the  case  without  measi  ring 
total  energy  absorbed  which  can  be  dominated  by  a  high  toughness  in  the  core. 

The  ability  of  the  experimental  steels  to  resist  a  number  of  repeated 
low  energy  impacts  was  also  evaluated.  Past  research-*  has  shown  that  the 
ability  of  carburized  steels  to  resist  repeated  low  energy  impacts  can  be 
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correlated  to  the  impact  strength  of  the  carburized  case,  as  measured  using 
the  instrumented  impact  test  described  above.  Repeated  impact  tests  are  per¬ 
formed  using  the  same  procedure  as  that  used  for  the  impact  fracture  strength 
test  except  the  drop  height  of  the  hammer  is  very  low,  a  height  corresponding 
to  an  energy  impact  of  4  J. 

Surface  hardness  of  the  carburized  specimens  was  evaluated  before  and 
after  1000  hours  at  315  C  (600  F)  bv  taking  HRA  measurements  directly  on  the 
carburized  surface  and  converting  the  readings  to  HRC  values.  Hardness  gradi¬ 
ents  of  carburized  cases  were  determined  from  representative  specimens  before 
and  after  the  1000  hour  exposure.  No  change  in  hardness  after  exposure  was 
taken  as  an  indication  of  good  microstruct ural  stability. 

The  hot  hardness  of  each  carburized  steel  was  determined  between  room 
temperature  and  371  C  (700  F).  Vickers  hardness  impressions  were  made  di¬ 
rectly  on  the  carburized  surface  with  a  2.5  kg  load  on  specimens  heated  in 
55  C  (100  F)  increments  starting  at  93  C  (200  F)  until  reaching  371  C  (700  F). 
The  surface  of  the  specimens  had  been  polished  with  600  grit  paper,  removing 
not  more  than  0.05  mm  (0.002  in.),  prior  to  hot  hardness  testing. 

The  microstructures  of  the  carburized  cases  of  the  experimental  steels 
were  examined  optically  and  using  a  scanning  electron  microscope  (SEM) . 


RESULTS 

The  chemical  analyses  of  both  the  candidate  commercial  steels  and  the 
experimental  steels  are  given  in  Table  1.  All  commercially  produced  steels 
were  found  to  be  within  specifications.  No  difficulty  was  encountered  in 
forging  or  machining.  Carbon  analyses  of  the  carburized  cases  are  shown  in 
Figures  2a  and  b.  The  case  hardness  values  taken  before  and  after  1000  hours 
at  315  C  (600  F)  are  shown  in  Table  2.  All  the  candidate  commercial  steels 
exceeded  the  specified  aim  of  HRC  58  before  the  1000-hour  exposure.  Two  ex¬ 
perimental  steels  (C  and  E) ,  both  containing  2.51%  Cr,  were  too  soft  in  the 
hardened  and  tempered  condition  before  exposure  to  315  C  (600  F) .  The  9310 
composition  had  a  hardness  less  than  HRC  58  after  the  1000-hour  exposure  to 
315  C  (600  F). 

The  microhardness  traverses  of  the  carburized  cases  were  used  to  deter¬ 
mine  the  effective  case  depth  which  is  defined  in  this  study  as  the  distance 
to  a  hardness  of  HV  510.  The  effective  case  depths  are  shown  in  Table  3. 

The  hot  hardness  results  from  the  experimental  steels  are  plotted  in 
Figure  3  as  are  results  obtained  from  the  commercial  candidate  steels  deter¬ 
mined  in  a  previous  study. ^  The  slopes  of  the  curves  are  indications  of 
hardness  retention  at  elevated  temperature.  All  the  experimental  steels 
exhibit  similar  and  adequate  hardness. 
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Figure  4  shows  the  microstructures  of  the  commercial  candidate  steels 
before  and  after  1000  hour  exposure  at  315  C  (600  F) .  All  the  microstructures 
were  martensitic  with  varying  amounts  of  retained  austenite  and  dispersed 
carbide.  The  carbides  present  in  the  microstructure  of  SAE  9310  and  CBS600 
were  contained  in  the  outer  0.05  mm  (0.002  in.)  of  the  carburized  surface.  All 
the  carbides  were  dispersed  evenly  through  the  grains  of  the  commercial  steels 
except  that  of  CBS600  which  exhibited  grain  boundary  carbides  in  the  outer 
0.05  mm  (0.002  in.)  of  the  case.  The  microstructures  of  the  carburized  experi¬ 
mental  steels  are  shown  in  Figure  5.  Four  of  the  six  experimental  steels  (A,  B, 
C,  E)  exhibited  a  network  of  carbides  in  the  prior  austenite  grain  boundaries 
in  addition  to  a  fine  distribution  of  carbides  within  the  grains.  Two  experi¬ 
mental  steels  (D  and  F)  showed  only  a  fine  distribution  of  carbides  within  the 
grains  and  no  carbide  network  in  the  prior  austenite  grain  boundaries. 

The  microstructures  of  the  five  commercial  candidate  steels  were  examined 
using  a  scanning  electron  microscope.  The  carbides  were  qualitatively  analyzed 
with  an  energy  dispersive  analyzer  (EDAX) .  A  wave  length  scan  of  the  x-rays 
from  various  carbides  within  the  microstructures  of  three  commercial  candidate 
steels  (CBS1000,  X2(M)  and  X-53)  was  obtained  and  the  results  are  summarized 
in  Table  4.  These  three  steels  were  the  only  steels  that  strengthened  by  pre¬ 
cipitation  during  tempering,  and  it  was  important  to  determine  the  change  in 
carbide  composition  of  these  steels.  The  carbides  of  the  other  steels  showed 
no  noticeable  change  in  composition  resulting  from  the  1000-hour  exposure  at 
315  C  (600  F). 

Table  4  shows  that  CBS1000  exhibited  no  change  in  carbide  composition  or 
size  during  the  1000-hour  treatment  at  315  C  (600  F) .  The  X2(M)  steel  indi¬ 
cated  precipitation  of  complex  carbides  containing  vanadium  that  were  not 
present  before  the  1000-hour  treatment.  The  carbides  in  the  X-53  steel  were 
not  as  complex  in  composition  as  those  for  CBS1000  and  X2(M)  and  only  contained 
Fe  and  Mo.  Precipitates  containing  Cu  and/or  Ni  were  not  observed  in  the  X-53 
steel  before  or  after  the  1000-hour  treatment. 

The  amounts  of  retained  austenite  at  several  locations  in  the  car¬ 
burized  cases  of  the  five  commercially  produced  steels  were  determined  by 
x-ray  diffraction  and  are  plotted  in  Figure  6.  Measurements  were  made  at 
the  various  locations  within  the  carburized  cases  by  elect rochemical lv  pol¬ 
ishing  away  the  outer  regions  of  the  cases.  Before  the  1000-hour  temper  at 
315  C  (600  F),  all  five  steels  showed  the  presence  of  retained  austenite 
ranging  from  less  than  15%  in  CBS1000  to  over  25%  for  X-53.  After  the  1000- 
hour  exposure,  the  retained  austenite  in  SAE  9310  and  CBS600  was  reduced  to 
less  than  2%  while  that  of  CBS1000,  X2(M)  and  X-53  remained  essentially  un¬ 
changed.  The  microstructures  of  CBS1000,  X2(M)  and  X-53  arc  very  stable  at 
315  C  (600  F),  even  with  respect  to  the  amount  of  retained  austenite  in  the 
case . 
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The  same  polished  surfaces  used  for  retained  austenite  measurements  were 
used  for  residual  stress  measurements.  Residual  stress  values  were  corrected 
for  the  effect  of  the  surface  removal.  Residual  stress  gradients  in  the  car¬ 
burized  cases  before  aud  after  the  1000-hour  temper  at  815  C  (600  F)  are  shown 
in  Figure  7.  The  1000-hour  temper  reduced  the  compressive  residual  stress  in 
the  SAE  9310  and  CBS600  steels  almost  to  zero.  The  residual  stress  profiles  of 
CBS1000,  X2(M)  and  X-53  changed  less  dramatically  than  that  of  SAE  9310  and  CBS600 
because  of  the  heat  treatment,  again  an  indication  of  the  stable  microstructure. 

Figure  8  shows  that  the  residual  stress  in  the  retained  austenite  in  the 
CBS1000,  X2(M)  and  X-53  steels  is  tensile.  Oftentimes  refrigeration  treat¬ 
ments  result  in  tensile  residual  stresses  in  retained  austenite.^  All  three  of 
these  steels  had  been  given  a  refrigeration  treatment.  Such  tensile  residual 
stresses  have  been  observed  to  cause  poor  fatigue  limits  in  high-cycle  fatigue 
tests . 

Fracture  toughness  gradients  for  each  carburized  case  before  and  after 
the  1000-hour  temper  are  shown  in  Figure  9.  These  curves  have  been  corrected 
for  the  residual  stress  contribution  to  measured  values.  Because  of  the  strong 
influence  of  carbon  on  fracture  toughness  and  the  large  variation  in  carbon 
profiles  in  the  carburized  cases  shown  in  Figure  2,  it  was  necessary  to  plot 
fracture  toughness  against  carbon  content  as  was  done  in  Figure  10.  The  frac¬ 
ture  toughness  values  at  0.5  and  0.75%  C  were  determined  from  Figure  10  and  are 
listed  in  Table  5.  The  candidate  steels  intended  for  elevated  temperature 
service  decreased  in  toughness  after  the  1000-hour  treatment  at  315  C  (600  F). 

The  SAE  9310(1)  steel  softened  considerably  by  the  1000-hour  treatment  and,  as 

expected,  the  fracture  toughness  tended  to  increase  as  shown  in  Figure  9. 

The  impact  fracture  strengths  of  the  experimental  steels  a  ?  compared  to 
that  of  SAE  9310(2)  in  Table  6.  The  experimental  steels  were  Lested  before 
and  after  the  1000-hour  treatment  at  315  C  (600  F).  All  steels  were  tested 
in  the  as-carburized  condition  with  no  grinding  of  the  carburized  surface. 

The  impact  fracture  strengths  of  Steels  D  and  F  were  the  only  values  to  exceed 
that  of  SAE  9310.  These  two  steels  were  the  only  experimental  steels  that 

did  not  exhibit  a  network  of  carbides  in  the  prior  austenite  grain  boundaries, 

as  mentioned  earlier.  The  grain  boundary  carbides  are  believed  to  have  con¬ 
tributed  to  the  relative  low  fracture  strength  of  Steels  A,  B,  C  and  E. 

Table  6  also  contains  the  number  of  repeated  low-energy  impacts  required 
to  completely  fracture  the  specimens.  Because  of  the  great  scatter  in  data 
expected  in  this  test,  the  individual  counts  are  tabulated  rather  than  the 
averages.  It  must  be  pointed  out  that  these  values  can  he  highly  dependent 
on  the  properties  of  the  core.  Cracks  can  occur  in  the  case  earlv  in  the  test 
and  still  require  many  impacts  to  propagate  completelv  through  the  specimen. 

One  specimen  of  SAE  9310  was  impacted  once,  sectioned,  and  examined  for  evi¬ 
dence  of  case  cracking.  A  crack  was  observed,  indicating  that  even  in  a  steel 
capable  of  withstanding  400  to  500  impacts  before  complete  fracture,  the 
cracking  process  begins  with  the  first  impact.  Specimens  of  Steels  D  and  F  did 
not  crack  early  in  the  test,  even  after  receiving  25  impacts  no  cracks  were 
observed.  Some  of  the  specimens  of  three  of  the  experimental  steels  (A,  B  and  C) 
broke  completely  with  one  low-energy  impact. 
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DISCUSSION 


This  research  program  was  performed  in  two  parts.  The  first  part  was 
to  determine,  in  terms  of  fracture  toughness  and  residual  stress,  the  behavior 
of  four  commercially  produced  steels  intended  for  elevated  temperature  service 
in  the  carburized  condition.  The  second  was  to  produce  experimental  steels  and 
evaluate  their  general  fracture  properties  in  impact. 


Fracture  Toughness  of  Commercial  Candidate  Steels 


The  aim  fracture  toughness  in  the  carburized  cases  is  given  in  Figure  10 
by  the  gradient  for  SAE  9310  before  the  1000-hour  treatment  at  313  C  (600  F) . 
The  behavior  of  SAE  9310  after  the  1000-hour  treatment  is  only  of  academic 
interest  because  the  case  hardness  of  this  steel  becomes  too  low  at  this  tem¬ 
perature,  which  is  why  SAE  9310  cannot  be  used  at  elevated  temperatures.  It 
would  be  ideal  if  one  of  the  candidate  elevated  temperature  steels  would  ex¬ 
hibit  the  same  room  temperature  toughness  as  SAE  9310  and  maintain  this  level 
of  toughness  even  after  1000  hours  at  temperature.  Table  3  shows  that  none  of 
the  candidate  steels  tempered  1000  hours  at  313  C  (600  F)  matched  the  room 
temperature  toughness  of  SAE  9310.  The  fracture  toughness  values  before  the 
1000-hour  temper  shown  in  Figure  10a  indicate  that  the  case  fracture  toughness 
of  all  the  candidate  steels  is  about  equal  to  that  of  SAE  9310.  However,  the 
toughness  of  CBS1000,  X2 (M)  and  X-53  decreased  after  the  1000-hour  temper,  with 
that  of  CBS1000  decreasing  the  least  amount  (Table  3).  The  toughness  of  CBS600 
decreased  slightly  but  remained  above  the  aim  toughness  of  SAE  9310. 

The  fracture  toughness  values  shown  in  Figure  10  have  the  residual  stress 
contribution  removed  from  consideration.  Figure  11  is  a  similar  plot  but  con¬ 
tains  the  contribution  of  residual  stress,  including  the  tensile  stress  in  the 
austenite.  Since  retained  austenite  represented  a  sizable  portion  of  the  case 
microstructure  of  the  X-53  steel,  the  tensile  nature  of  residual  stress  in  this 
phase  had  a  significant  effect  on  the  measured  fracture  toughness,  as  inci- 
cated  in  Figure  11  by  the  relatively  low  fracture  toughness  for  this  steel. 
Figure  10  is  a  comparison  of  the  fracture  toughness  potential  of  the  steels 
because  the  curves  have  been  corrected  for  differences  in  residual  stress. 
Figure  10  shows  that  X-53  has  slightly  more  fracture  toughness  than  X2(M)  in 
the  high  carbon  region  suggesting  that  if  the  retained  austenite  were  not 
present  or  if  the  residual  stresses  were  not  tensile,  then  X-53  would  offer 
at  least  as  much  or  slightly  more  fracture  toughness  than  X2(M).  Neither  X-53 
nor  X2(M)  had  fracture  toughness  as  high  as  CBS1000,  and  none  of  the  three 
steels  exhibited  the  aim  fracture  toughness  after  the  1000-hour  temper. 

The  fracture  toughness  results  indicate  that,  of  the  three  candidate 
steels  that  exhibit  good  hardness  retention  and  micros tructural  stability  at 
315  C  (600  F) ,  the  best  is  CBS1000  followed  by  X-53  and  then  X2(M).  The  X-53 
steel  is  judged  better  than  X2(M)  only  if  the  retained  austenite  can  be  kept 
at  relatively  low  level.  Both  X2(M)  and  X-53  exhibited  a  large  decrease  in 
tr  j  Lure  toughness  (Table  5),  whereas  CBS1000  showed  a  toughness  decrease  of 
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only  10%  at  0.50%  C,  and  actually  increased  in  toughness  at  0.75%  C.  Because 
of  the  small  decrease  (if  any)  in  fracture  toughness,  CBS1000  appears  to  be 
the  best  choice  for  elevated  temperature  service.  CBS1000  may  have  less  than 
the  aim  fracture  toughness,  but  the  toughness  will  not  decrease  during  service 
and  therefore  its  performance  should  be  stable  and  predictable. 

The  compressive  residual  stress  in  the  carburized  case  of  CbSlOOO  never 
exceeded  140  MPa  (20  ksi),  as  shown  in  Figure  7.  Such  a  low  compressive  re¬ 
sidual  stress  could  be  caused  by  the  small  section  size  of  the  test  specimen 
relative  to  the  level  of  hardenability  of  this  steel.  A  larger  section  may 
allow  a  greater  compressive  stress  to  be  developed  in  the  case. 


Experimental  Steels 

Based  on  the  fracture  toughness  and  residual  stress  evaluation  of  the 
commercial  candidate  steels,  it  was  concluded  that  the  precipitation  strengthening 
characteristics  of  X-53  and  X2(M)  were  too  strong  and  that  the  fracture  tough¬ 
ness  of  the  micros tructure  decreased  after  exposure  to  elevated  temperature. 

All  the  candidate  steels  lost  most  of  their  residual  compressive  stresses  in 
the  case  during  the  exposure.  This  fact  probably  cannot  be  overcome  by  alloy 
modification;  therefore,  the  only  benefit  to  be  gained  by  alloy  modification 
is  to  obtain  a  steel  that  does  not  simultaneously  lose  fracture  toughness. 

Rather  than  to  evaluate  compositions  that  develop  elevated  temperature  strength 
through  precipitation,  it  was  decided  to  evaluate  steels  that  have  a  high  degree 
of  temper  resistance,  steels  containing  high  molybdenum  and  vanadium.  Molybdenum 
and  vanadium  are  known  to  improve  elevated  temperature  strength  as  demonstrated  by 
the  performance  of  certain  tool  steels  and  bearing  steels.  A  commonly  used  bearing 
steel  (M-50)  contains  1.3%  V  and  4.2%  Mo.  It  was  decided  to  base  the  alloy 
selection  of  the  experimental  steels  around  1.2%  V  and  2.2%  Mo.  The  chromium 
content  of  four  of  the  six  steels  was  kept  at  1.0%  in  an  attempt  to  improve  the 
toughness  and  carburizing  characteristics.  Past  research  on  carburizing  steels 
indicates  that  chromium  tends  to  decrease  toughness  unless  combined  with  nickel;'* 
therefore,  nickel  was  added  to  two  of  the  steels  containing  1.0%  Cr.  There  also 
has  been  an  observed  toughness  benefit  for  combining  nickel  and  molybdenum  in 
carburizing  steels.  Two  steels  having  2.5%  Cr  were  included  because  it  was 
not  certain  whether  the  steels  containing  1.0%  Cr  would  maintain  enough  elevated 
temperature  hardness.  Silicon  is  known  to  improve  the  temper  resistance  of 
steels,  especially  at  carbon  levels  corresponding  to  the  core.  The  temper  re¬ 
sistance  offered  by  silicon  becomes  less  as  the  carbon  content  increases.  Be¬ 
cause  core  strength  is  important  in  carburized  gears,  five  of  the  six  experimen¬ 
tal  steels  contained  1.0%  Si.  The  base  composition  is  represented  by  Steel  A 
while  Steel  B  was  intended  to  evaluate  the  effects  of  adding  molybdenum,  Steel  C 
the  effect  of  adding  chromium,  and  Steel  D  the  effect  of  adding  nickel.  Steel  E 
was  a  low  silicon  modification  of  Steel  C  and  Steel  F  was  a  low  vanadium  modifi¬ 
cation  of  Steel  D. 

Table  6  shows  that  only  the  alloy  combination  of  nickel  (2.0%)  and  molyb¬ 
denum  (2.3%)  produced  steels  (Steels  D  and  F)  that  had  fracture  strengths  greater 
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than  that  of  SAE  9310.  The  1000-hour  exposure  to  315  C  (600  F)  actually  in¬ 
creased  the  fracture  strength  of  Steels  D  and  F,  even  though  there  was  very 
little  change  in  surface  hardness  (Table  2).  It  should  also  be  noted  that  the 
effective  case  depths  of  both  Steels  D  and  F  were  greater  than  that  of  SAE  9310 
and  that  of  the  other  experimental  steels.  This  fact  makes  Steels  D  and  F 
look  even  better,  because  an  increase  in  case  depth  usually  decreases  impact 
fracture  strength.^ 

Comparing  Steel  D  and  Steel  F,  Steel  F  contained  0.6%  V  rather  than  1.2% 
and  it  had  the  higher  fracture  strength  after  the  1000-hour  treatment.  These 
results  favor  the  lower  vanadium  addition.  The  carbide  distribution  in  the 
microstructure  of  both  steels  can  be  seen  in  Figure  4.  No  carbide  networks 
were  observed  in  the  prior  austenite  grain  boundaries  as  were  observed  in  the 
other  four  experimental  steels. 

Comparing  Steels  C  and  E  indicates  that  the  lower  silicon  results  in  a 
slight  improvement  in  fracture  strength;  however,  1.0%  Si  may  still  be  neces¬ 
sary  to  maintain  core  hardness  at  elevated  temperatures. 

The  slopes  of  the  hot  hardness  curves  in  Figure  3  can  be  used  to  evaluate 
the  relative  elevated  temperature  strengths  of  steels.  All  the  experimental 
steels  had  slopes  similar  to  those  of  the  commercial  candidate  steels  CBS1000, 
X2(M)  and  X-53.  This  similarity  suggests  that  all  of  the  experimental  steels 
offer  as  much  elevated  temperature  strength  as  the  commercial  candidate  steels. 

Combining  all  the  above  observations  Steel  F  seems  to  represent  the  ex¬ 
perimental  steel  offering  the  best  combination  of  fracture  strength  and  hardness 
retention  at  elevated  temperature.  The  composition  of  this  steel  is  very  close 
to  that  of  the  commercially  available  CBS1000  steel  which  was  the  steel  recom¬ 
mended  from  the  fracture  toughness  portion  of  this  study.  The  major  differences 
between  Steel  F  and  CBS1000  is  that  Steel  F  contained  less  nickel  and  molybdenum. 
The  CBS1000  steel  also  contained  less  silicon. 


SUMMARY 

A  fracture  toughness  comparison  of  three  commercial  steels  CBS1000,  X2(M> 
and  X-53  showed  that  CBS1000  offered  the  b^st  combination  of  toughness  and 
retention  of  hardness  at  elevated  temperature.  The  fracture  toughnesss  in 
the  carburized  cases  of  both  X2(M)  and  X-53  decreased  by  about  50%  when  held 
at  315  C  (600  F)  for  1000  hours.  That  of  CBS1000  changed  very  little.  A 
separate  comparison  of  six  experimental  steel  compositions  concluded  that  a 
composition  very  similar  to  that  of  CBS1000  exhibited  the  best  impact  fracture 
strength.  The  experimental  steel  contained  less  nickel  and  molybdenum  than 
CBS1000 ,  2.0%  vs.  3.0%  and  2.3%  vs.  4.2%,  respect ively .  The  optimum  nickel- 
molybdenum  combination  may  be  somewhere  between  these  values. 
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Table  2 


Surface  Hardness 

of  Carburized  and 

Hardened  Steels 

Hardness 

,  HRCa 

Steel 

Before  Exposure^ 

After  Exposure^ 

CBS600 

65 . 4 

58.8 

CBS1000 

58.6 

58.4 

X2  (M) 

58.7 

61.0 

X-53 

58.4 

59.5 

SAE  9310(1) 

61.2 

52.3 

SAE  9310(2) 

60.8 

NDC 

A  (P2622A) 

59.0 

58.1 

B  (P2622B) 

59.5 

59.4 

C  (P2623B) 

55.3 

56.6 

D  (P2624B) 

59.4 

59.5 

E  (P2523A) 

54.3 

54.1 

F  (P2624A) 

59.7 

59.0 

Converted  from  HRA  determinations. 
b Exposure  to  315  C  (600  F)  for  1000  hours. 
CND  -  Not  Determined. 


Table  3 


Effective  Case  Depth  of  Carburized  Steels3 


Steel 

Effective  Case^ 
Depth,  mm  (in.) 

CBS600 

1.52 

(0.060) 

CBS1000 

1.22 

(0.048) 

X2(M) 

1.52 

(0.060) 

X-53 

1.12 

(0.044) 

SAE  9310(1) 

1.30 

(0.051) 

SAE  9310(2) 

1.14 

(0.045) 

A  (P2622A) 

0.89 

(0.035) 

B  (P2622B) 

1.02 

(0.040) 

C  (P2623B) 

1.07 

(0.042) 

D  (P2624B) 

1.40 

(0.055) 

E  (P2623A) 

1.14 

(0.045) 

F  (P2624A) 

1.52 

(0.060) 

aSteels  not  given  1000-hour  treatment 
at  315  C  (600  F) . 

^Defined  as  the  distance  to  a  hardness 
of  HV  510. 


Table  4 

Summary  of  EDAX  Analysis  of  Particles  in  Carburized  Cases 


Elements 

Present3 

Steel 

Particle 

Before^ 

Af  ter^ 

CBS1000 

Small 

F  e ,  Mo ,  V 

F  e , Mo , V 

Intermediate 

Fe,Mo 

Fe  ,Mo 

X2(M) 

Small 

Fe,Mo,W,Cr,V 

Fe,Mo,W,Cr,V 

Fe,W,Mo,Cr 

Fe ,W,Mo , Cr 

Intermediate 

Fe,Cr ,W,M6,V 

Massive 

Fe , Cr , W,Mo 

Fe,Cr,W,Mo,V 

X-53 

Small 

Fe  ,Mo 

Fe  ,Mo 

Intermediate 

Fe  ,Mo 

Elements  listed  in  order  of  decreasing  amount 
(second  elements  listed  ranged  from  10  to  30%). 

^Before  and  after  1000-hour  exposure  to  315  C  (600  F). 


Fracture  Toughness  in  Carburized  Cases 
(Corrected  for  Residual  Stress  Effects) 


Steel 

Carbon 

Content, 

% 

Fracture  Toughness,  Kxca 
HPa^nT  (ksi/in. ) 

c 

Change , 

% 

Before 

Exposure^ 

After 

Exposure 

CBS600 

0.50 

53  (48) 

47  (43)<j 

(10) 

0.75 

45  (41) 

36  (33) d 

(8) 

CBS1000 

0.50 

44  (40) 

33  (30) 

(10) 

0.75 

21  (19) 

26  (24) 

25 

X2  (M) 

0.50 

45  (41) 

21  (19) 

(53) 

0.75 

25  (23) 

13  (12) 

(48) 

X-53 

0.50 

43  (44) 

22  (20) 

(54) 

0.75 

i 

36  (33) 

23  (21) 

(36) 

SAF  QUO 

0.50 

42  (38) 

Too  Soft 

- - 

JiAL  7  J1U 

0.  75 

27  (25) 

l _ _ _ 

Too  Soft 

— 

lKic  determined  using  specimens  with  short  crack  lengths. 

Exposure  to  315  C  (600  F)  for  1000  hours. 

Parentheses  indicate  the  change  was  a  decrease  Negative) 

^Some  softening  occurred  but  remained  above  HRC  :>8 
(see  Table  2) . 
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Figure  1  Specimen  Ceometry  Used  for  Determining  the  Impact  Fracture  Stress  of  Carburized  Stee 
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Figure  3  Hot  Hardness  of  Carburized  Steels  (a)  Commercial  Candidate  Steels 
from  Reference  1  (CBS1000,  X2 (M)  and  X-53  did  not  have  HRC  58 
Surface  Hardness)  (b)  Four  Experimental  Steels 


1 


81-28  2%  Nital  X500 

SAK  9110(1) 

Before  1000  hours  at  311  C  (600  F) 


“?  •  i'  s  ✓  A  «  **•  ‘  ^ 


;y<« 

/ 


aui-'&sr'.  .-  -« v*  *#  • 

fc{(  v*»  ^?w’  ^  ;»  ~  f  :  „• -7'^NrJK  '  *£/*%“-  '  •  »  A. 

Iv4«  y  •-' *•*-$#*■ *:•’.  ;  $K-'\k 


’•■VY . 


•■-  ,.'i  1-: 


i'vcf 

»  V‘* 


<  - 

4 


,  -Vi', 
x  '  (N  V 

‘.P* 
'  ^ 


v' 


-  ’  •>& 

.  jww 

f\v*  .  '  '■"-'■ 

-  ^  ‘ 

*  w '  *'*vv~f  * 

;■  -v^ry; 

,  «•  '  ■  Jfc' .; ",  ir« 


81-195  2%  Nital  X500 

SAT:  9310(1) 

After  1000  hours  at  315  C  (600  F) 


Figure  4  (Continued) 
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Figure  6  Retained  Austenite  Content  of  Carburized  Cases 
Before  and  After  1000  Hours  at  315  C  (600  F) 
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Residual  Stress  in  Retained  Austenite  after  1000  Hours  at  315  C  (600  F) 
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Fracture  Toughness  Gradients  in  Carburized  Cases  of  Candidate  Steels 
Before  and  After  1000  Hours  at  315  C  (600  F) 

(Corrected  for  residual  stress  effects) 
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APPENDIX  A 


Carburizing,  Hardening,  and  Tempering  Heat  Treatments 
of  Commercial  Candidate  Steels 


CBS6Q0 : 

Carburized  7  hours  at  925  C  (1700  F)  in  an  atmosphere  carbon  potential  of  1.10%, 
cooled  to  790  C  (1450  F),  quenched  directlv  into  agitated  65  C  (150  F)  oil, 
refrigerated  at  -80  C  (-115  F)  for  16  hours  and  double  tempered  at  150  C  (300  F) 
for  2+2  hours  (refrigerated  between  tempers). 


CBS1QQQ: 

Preoxidized  specimens  at  950  C  (1750  F)  for  1  hour,  carburized  7  hours  at  925  C 
(1700  F)  in  an  atmosphere  carbon  potential  of  1.10%,  quenched  directly  into  agi¬ 
tated  65  C  (150  F)  oil,  reheated  to  650  C  (1200  F)  for  1  hour,  air  cooled,  re¬ 
heated  to  660  C  (1220  F)  for  1/2  hour,  heated  to  1010  C  (1850  F)  for  20  minutes, 
quenched  directly  into  agitated  65  C  (150  F)  oil,  refrigerated  3  hours  at  -80  C 
(-115  F) ,  and  doable  tempered  at  315  C  (600  F)  for  2+2  hours  (refrigerated 
between  tempers). 


X-_5_3j 

Preoxidized  specimens  at  950  C  (1750  F)  for  1  hour,  air  cooled,  carburized 
8  hours  at  870  C  (1600  F)  in  an  atmosphere  carbon  potential  of  1.10%,  quenched 
directly  into  agitated  65  C  (150  F)  oil,  reheated  to  650  C  (1200  F)  for  1  hour, 
air  cooled,  reheated  to  675  C  (1250  F)  for  1  hour,  heated  to  1010  C  (1850  F) 
for  1  hour,  quenched  into  agitated  63  C  (130  F)  oil,  refrigerated  at  -80  C 
(-115  F)  for  3  hours  and  double  tempered  at  315  C  (600  F)  for  2+2  hours 
(refrigerated  between  tempers). 

X2(M) : 

Preoxidized  specimens  at  980  C  (1800  F)  for  1  hour,  air  cooled,  carburized 
10.4  hours  at  925  C  (1700  F)  in  an  atmosphere  carbon  potential  of  1.10%,  hardened, 
carburized  4  hours  at  925  C  (1700  F)  in  an  atmosphere  carbon  potential  of  0.97, 
quenched  directly  into  agitated  65  C  (150  F)  oil,  reheated  to  690  C  (1280  F) 
for  1  hour,  air  cooled,  reheated  to  675  C  (1250  F)  for  1/2  hour,  heated  to 
1010  C  (1850  F)  for  30  minutes,  quenched  directly  into  agitated  65  C  (150  F) 
oil,  refrigerated  at  -80  C  (-115  F)  for  3  hours,  and  double  tempered  at  315  C 
(600  F)  for  2+2  hours  (refrigerated  between  tempers). 

SAE  9310 : 

Carburized  7  hours  at  925  C  (1700  F)  in  an  atmosphere  carbon  potential  of  1.057, 
cooled  to  840  C  (1550  F) ,  quenched  directly  into  agitated  65  C  (150  F)  oil, 
refrigerated  at  -80  C  (-115  F)  for  16  hours,  and  double  tempered  at  150  C 
(300  F)  for  2+2  hours  (refrigerated  between  tempers). 


APPENDIX  B 


Carburizing,  Hardening,  and  Tempering  Heat  Treatments 
of  Experimental  Steels 


Heats  P2622A  and  P2622B: 

Preoxidized  at  980  C  (1800  F)  for  1  hour  and  carburized  5  hours  at  925  C 
(1700  F)  in  an  atmosphere  carbon  potential  of  1.1%  plus  3  hours  in  a  carbon 
potential  of  1.0%  and  air  cooled.  Reheated  to  1010  C  (1850  F)  for  1/2  hour 
and  quenched  into  agitated  65  C  (150  F)  oil,  and  double  tempered  at  315  C 
(600  F)  for  2+2  hours. 


Heats  P2623A  and  P2623B; 

Same  as  above  except  steels  were  refrigerated  at  -80  C  (-115  F)  for 
16  hours  prior  to  double  tempering. 


Heats  P2624A  and  P2624B : 

Preoxidized  at  980  C  (1800  C)  for  I  hour  and  carburized  5  hours  at  925  C 
(1700  F)  in  an  atmosphere  carbon  potential  of  1.1%  plus  3  hours  in  a  carbon 
potential  of  1.0%  and  air  cooled.  Reheated  to  1010  C  (1850  F)  for  1/2  hour 
and  quenched  into  agitated  65  C  (150  F)  oil  and  refrigerated  at  -80  C  (-115  F). 
Recarburized  4  hours  at  925  C  (1700  F)  in  an  atmosphere  carbon  potential  of 
0.85%  and  quenched  directly  into  agitated  65  C  (150  F)  oil,  refrigerated  at 
-80  C  (-115  F)  for  16  hours  and  double  tempered  at  315  C  (600  F)  for  2+2 
hours  (refrigerated  between  tempers). 
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